We demonstrate that the lasing wavelength and emission intensity of GaInAsP photonic crystal nanolaser can be controlled by immersing it to an electrolyte and applying a bias voltage. This method gives an option to the control of semiconductor lasers by the iontronic effect.
INTRODUCTION
We have developed GaInAsP photonic crystal (PC) nanolasers as shown in Fig. 1 (a) [1] . It can be operated even in water, and sensing applications are available by monitoring a lasing wavelength shift when the liquid is changed or some biomolecules are adsorbed on the surface [2−4] . In addition to detecting various biomarker proteins, we have also shown that the lasing wavelength and emission intensity respond to the surface charge. This is what we call ion sensitivity [5, 6] . It is explained by a mechanism that the height ΔU of the Schottky barrier formed near the semiconductor and solution interface, as shown in Fig. 1(b) , is modified by the electric charge of the adsorbate, and the wavelength and emission intensity are changed by the carrier plasma dispersion and increased or decreased surface recombination, respectively [6−8] . This ion sensitivity can be investigated by measuring the flatband potential Ufb and the rest potential Ur with a photoelectrochemical circuit including the nanolaser substrate as a working electrode. We found in this study that the lasing wavelength and emission intensity are controllable by applying a bias voltage, which changes ΔU = Ur−Ufb.
DEVICE AND PHOTOELECTROCHEMICAL CIRCUIT
The nanolaser consists of a triangular lattice of holes with a H0-type cavity formed by shifting 2−4 adjacent holes in a GaInAsP SQW slab. A nanoslot is also formed at the cavity center to obtain a narrow spectral linewidth and high sensitivity [1] . It is easy to operate by photopumping at room temperature. In order to stabilize the operation in water and various solutions including ions, 3 nm ZrO2 is atomic-layerdeposited on the device surface as a protection layer. For the iontronic experiments, we used a screen print cell, as shown in Fig. 2(a) , for which the photoelectrochemical circuit is described in Fig. 2(b) . There are three electrodes on the cell. The backside of the nanolaser chip was bonded with In on the center electrode to make it as a working electrode. Then, the chip surface other than the nanolaser was insulated by UV curable resin. Ag quasi-reference electrode and C counter electrode, which are the other two electrodes, are exposed. Then the cell was immersed in K2SO4 electrolyte solution and the nanolaser was operated. Fig. 3 shows the change in the wavelength and intensity when the bias voltage U was applied to the working electrode. The main change was observed when U was in the range of −0.3 V to −0.7 V. When U was shifted to negative, the wavelength red-shifted and the emission intensity decreased. This wavelength behavior is opposite to that expected from the previous consideration of naonlaser's iontronic sensitivity [6] , while the amounts of the wavelength shift and intensity change with ΔU were reasonable. This is considered to be due to the extraction of residual excited carriers by the bias in the closed circuit, which is unlike the situation of the previous work using an open circuit.
IONTRONIC EXPERIMENT
Anyway, this is, to our knowledge, the first demonstration that the semiconductor laser can be externally controlled by such a photoelectrochemical effect. We expect this to add freedom to controlling not only the photonic crystal laser but also other semiconductor lasers because the mechanism is applicable to any devices when the active region is exposed. We also expect it to be effective for the signal enhancement and stabilization in biosensing applications. 
